We assessed the effects of Cu on root growth and morphology of stone pine (Pinus pinea L.) and maritime pine (Pinus pinaster Ait.) seedlings grown in culture solutions supplied with 0.012 (control), 0.1, 1 or 5 µM CuSO 4 . The presence of 5 µM Cu in the nutrient solution completely inhibited root growth of both species within 3 days. In both species, taproot elongation was reduced in the presence of 1 µM Cu, although partial growth recovery occurred after 7 days of treatment. The presence of 0.1 µM Cu in the culture solution slightly enhanced root elongation in P. pinaster, but did not significantly influence root elongation in P. pinea. In both species, root weight per unit length increased in response to Cu exposure, and in P. pinaster, root diameter was significantly increased. The Cu treatments also affected lateral root number and length. In the presence of 1 µM Cu, both species formed only short lateral primordia. The 1 µM Cu treatment increased the lateral root index (number of roots per cm of root length) of P. pinaster, but decreased that of P. pinea, compared with control values. Neither the 0.1 nor 1 µM Cu treatment had a significant effect on the mitotic index of either species. We conclude that cell elongation is more sensitive to Cu than cell division. Cell membrane damage, as indicated by Trypan blue staining, occurred after 10 days of exposure to 1 µM Cu.
Introduction
Large amounts of heavy metals have been removed from natural ore deposits and redistributed in the environment as a result of human activity (Lepp 1981) . For example, copper and other heavy metals have been introduced into soil by application of fungicides, fertilizers and, more recently, sewage sludge (Levi-Minzi and Riffaldi 1978) . Italian soils have higher copper concentrations than those of other European countries and the world average (51 mg kg −1 , Angelone and Bindi 1992) , probably as a result of the widespread and prolonged application of copper-based fungicides in Italian orchards and vineyards (Lepp 1981) .
Copper is an essential element for all forms of life, acting in the prosthetic group of many oxidizing enzymes. However, as a result of the formation of organocopper complexes, excess copper may be highly toxic (Marschner 1986 ). Compared to other heavy metals, copper is not readily bioaccumulated, and so it is seldom dangerous for human and animal health, but it is highly toxic to plants (Fernandes and Henriques 1991) . Because both root elongation and branching are sensitive to the presence of copper, excess copper reduces the ability of the plant to explore the soil for water and nutrients (Wong and Bradshaw 1982) . In particular, copper reduces transroot potential (Kennedy and Gonsalves 1987) and damages the plasma membrane, causing ion efflux and thereby inhibiting cell elongation (Woolhouse 1983 , DeVos et al. 1989 .
Copper is mostly present in soil in an organically bound form and is therefore strongly retained in the uppermost layers (Hunter et al. 1987) . Because the mobility and bioavailability of copper increases with increasing soil acidity (Basta et al. 1993) , soil acidification due to atmospheric inputs could enhance the bioavailability of copper over time, as has been described for Al (Ulrich 1994 ). This may be particularly important for seedlings because they are more sensitive to environmental stress than mature trees and initially develop in the most contaminated superficial soil layer (Patterson and Olson 1983) . Among conifers, Pinus species often colonize superficially dry soils (Sutton 1980) . Because Pinus seedlings have large woody taproots that form few laterals and seem unable to develop adventitious roots (Coutts and Philipson 1987) , the maintenance of a high root elongation rate is essential for seedling establishment in this genus.
To assess copper sensitivity of Pinus pinea L. and Pinus pinaster Ait. roots, daily root elongation rate, lateral root development and root morphology were investigated in seedlings grown in nutrient solutions containing a range of copper concentrations. We also examined the effects of exposure to copper on root mitotic index, root weight per unit length, root thickness, and the integrity of the plasma membrane. 
Materials and methods

Culture of plants
Estimation of root elongation rate
Root elongation was estimated at intervals by measuring the distance between a reference point, marked 1 cm behind the tip at the start of the study, and the root tip.
Lateral root measurements
Numbers and lengths of lateral roots were estimated after 4 weeks of exposure to copper. Lateral root index was estimated by dividing the number of lateral roots developed during the 4-week treatment by the length of the main root.
Mitotic index
After 4 weeks of treatment, five root tips per treatment were fixed in Carnoy solution (3/1 v/v ethanol/acetic acid), hydrolyzed in 1 M HCl and then stained by the Feulgen technique. The most intensely colored part of the root tip was smeared on slides, and the number of mitotic cells was estimated.
Root weight per unit length
At the end of the 4-week treatment, seedlings were oven dried to constant weight at 70 °C. Root density was estimated by dividing the average dry weight by the average root length measured at the end of the 4-week treatment.
Root sections
At the end of the 4-week treatment, thin sections of roots were cut on a dry glass knife with an ultramicrotome (Ultracut E, Reichert-Jung, Vienna, Austria) at a distance of about 7 mm from the root tip. The sections were stained with methyl blue, and the root diameter and the thickness of cortex and central cylinder determined.
Integrity of plasma membranes
After 1, 3, 7 and 10 days of culture, five 1-cm long root tips per treatment were excised and placed in 0.5% (w/v) Trypan blue in glass-distilled water for 5 min (DeVos et al. 1989 ). Penetration of the dye solution was observed on cross and longitudinal sections with the aid of a binocular microscope.
Results
Root elongation rate
In both species, the presence of 5 µM Cu in the nutrient solution caused a large decrease in the rate of root elongation on Day 1 and complete inhibition of root growth after 3 days ( Figures 1A and 1B) . In the presence of 1 µM Cu, a progressive decrease in root elongation was observed from Day 1 until Day 7, after which there was a slight recovery in root growth. Exposure to 0.1 µM Cu had no effect on root elongation rates of P. pinea seedlings ( Figure 1A) , whereas it caused a slight stimulation of elongation growth in roots of P. pinaster seedlings compared to the controls ( Figure 1B ). 
Lateral roots and root morphology
The 4-week treatment with 1 µM Cu decreased main root length by 38.7% in P. pinea and 35.1% in P. pinaster (Table 1) . The same treatment caused a significant decrease in lateral root length in both species. After 4 weeks in the presence of 1 µM Cu, the lateral root index had decreased by 75% in P. pinea, whereas it had increased by 44% in P. pinaster, compared to the control value (Table 1 ). The 5 µM Cu treatment completely inhibited root growth and no laterals developed. The roots turned a brownish color and lost turgor (Table 1) .
Mitosis
Neither the 0.1 nor the 1 µM Cu treatment had a significant effect on the mitotic index of either species (Table 2) .
Root weight per unit length and root thickness
In the presence of 1 µM Cu, seedlings of both species showed a marked thickening of the apical part of the root. The dry weight per unit root length was 124.3% of the control value in P. pinea and 141.7% in P. pinaster (Table 3 ). The high values obtained in the 5 µM Cu treatment were not related to any visible thickening of the root.
There was an increase in root diameter measured on thin sections in both species exposed to 1 µM Cu; however, the increase was only statistically significant for P. pinaster (Table 4). In this species, the thickening of the cortex layer was more marked than that of the central cylinder, although the width of both root sections increased in the Cu-treated seedlings compared to the control seedlings.
Plasma membrane integrity
No differences in plasma membrane integrity between Cutreated and control roots were observed after 1 or 3 days of treatment. However, after a 10-day exposure to 1 µM Cu, penetration of Trypan blue was observed in the root tips of both species in contrast to the controls. Longitudinal sections showed that the most intense coloration occurred between 2 and 4 mm from the root tip where both the cortex and the central cylinder cells were stained.
Discussion
Root elongation of both P. pinea and P. pinaster seedlings was completely inhibited within 3 days of exposure to 5 µM Cu ( Figures 1A and 1B) . The presence of 1 µM Cu in the nutrient solution for 7 days caused the rate of root elongation to decrease by 49.5% in P. pinea and 51.4% in P. pinaster. In both species, a slight recovery in root elongation growth was subsequently observed, followed by a marked thickening of the youngest root that did not turn brown. A similar recovery in the rate of root elongation after inhibition during the first days of exposure to Al has been reported for Picea abies (L.) Karst. seedlings (Godbold 1991) . These observations suggest that some tolerance mechanisms, e.g., binding to metalloproteins (Rauser 1984) or the precipitation of Cu complexes in globular bodies (Sela et al. 1988) , were activated in response to low concentrations of Cu. The root dry weight per unit length increased in all Cu treatments (Table 3) , and a significant thickening of the cortex layer was observed in roots of P. pinaster seedlings (Table 4) . Shorter but thicker main and lateral Table 1 roots are frequently observed in crop (Przymusinski and Gwozdz 1994) and forest species (Heale and Ormrod 1982) grown in soils or culture solutions containing heavy metals. Root thickening may be a consequence of a decrease in cell elongation (Breckle 1991) . Under our experimental conditions, Cu was much more toxic than Cd to the roots of P. pinea and P. pinaster (cf. Arduini et al. 1994) . In both species, exposure to 1 µM Cu greatly decreased root elongation, whereas the same concentration of Cd did not significantly influence root elongation in P. pinaster and stimulated root elongation in P. pinea (Arduini et al. 1994) . The high toxicity of Cu has been reported for several species including Lolium perenne L. (Wong and Bradshaw 1982) and Brassica chinensis L. (Wong et al. 1986 ). Barbolani et al. (1986) reported a higher and more rapid uptake of Cu than Cd in Iris pseudacorus L. Copper may be more phytotoxic than Cd because it is an essential element and may be absorbed and become involved in metabolic pathways more readily than Cd (Hardiman et al. 1984) . In some species, high Cu sensitivity of root growth is related to disturbances of mitosis (Eleftheriou and Karataglis 1989) and especially to damage to the cell membrane, which is often the first target of Cu toxicity (Meharg 1993) . Some authors have explained both effects as consequences of Cu toxicity on protein synthesis or activity (Przymusinski and Gwozdz 1994) . DeVos et al. (1991) suggested that Cu-induced damage to integral proteins, through the formation of disulfide links, resulted in increased cell membrane permeability and ion efflux. We observed penetration of Trypan blue between 2 and 4 mm behind the root tips of seedlings that had been subjected to a 10-day exposure to 1 µM Cu, indicating that cell membranes had been damaged (DeVos et al. 1989) . The absence of Trypan blue penetration at the root tips, which was also observed in Silene cucubalus Wibel (DeVos et al. 1991) , suggests that the well-developed root cap protects the meristematic cells. This protection of the meristematic cells may also explain why Cu did not significantly affect mitotic processes. Copper also binds strongly to the root surface, decreasing transroot potential, which is essential for water and ion uptake (Kennedy and Gonsalves 1987) .
In addition to damaging the plasma membrane and reducing the transroot potential, Cu could affect cell elongation in the roots by stimulating lignification (Marschner 1986 ). Increased lignin synthesis could explain the brown color that developed on Cu-treated roots of both P. pinea and P. pinaster (cf. Heale and Ormrod 1982) . We conclude that decreased cell elongation caused by increased plasmalemma permeability and cell wall lignification were the main mechanisms of Cu toxicity in these Pinus seedlings.
The presence of 1 µM Cu in the nutrient solution affected the morphology of the root system by decreasing elongation of laterals more than that of the main root (63.0 versus 38.7% in P. pinea, 72.5 versus 35.1% in P. pinaster, Table 1 ). Copper toxicity causes inhibition of lateral root development in many tree species including Acer pseudoplatanus L. (Turner and Dickinson 1993) and some conifers (Wotton et al. 1986 ). Although the length of the lateral roots decreased, there was an increase in the lateral root index in P. pinaster seedlings treated with 1 µM Cu (Table 1 ). Numerous stunted laterals or primordia were also observed in Cu-treated Acer rubrum L. and Pinus resinosa Ait. (Heale and Ormrod 1982) , suggesting that root elongation was more sensitive to Cu toxicity than root initiation (Fernandes and Henriques 1991) . 
